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I. INTRODUCTION
In recent years, organic semiconductors have been incorporated into a variety of solid-state devices such as organic light-emitting devices ͑OLEDs͒, organic solar cells, organic diodes, and organic field-effect transistors.
1-4 When integrating these devices in circuits that have increasing complexity, it becomes critical to have accurate and relatively simple models to describe their electrical characteristics. For instance, OLEDs are often modeled with a single diode equation but the predictive capabilities of this oversimplified model in describing the electrical properties over the full range of voltages are rather limited. Different approaches to model organic diodes have been reported in the literature. Simple models are achieved with partial fits of the electrical characteristics in the low voltage or in the high voltage range. For example, the steep increase in current at low voltages has mostly been attributed to thermionic or Schottky emission of charges across the energy barrier between the Fermi level of the electrode and the highest occupied molecular orbital ͑HOMO͒ or the lowest unoccupied molecular orbital ͑LUMO͒ of the organic layer. 5, 6 The current at higher voltages is usually assumed to be limited by space-charge limited current ͑SCLC͒ effects. [7] [8] [9] However, besides for materials that make almost Ohmic contact ͓i.e., indium tin oxide ͑ITO͒/poly͑2-methoxy,5-͑2Јethyl-hexyloxy͒-p-phenylene vinylene͒ ͑MEH-PPV͔͒, the electrical characteristics mostly follow a power law with an exponent that is substantially larger than 2. 10, 11 In general, simple models that consist of just one circuit element cannot fit the full electrical characteristics and are limited to partial fits in selected regions of the current-voltage characteristics.
Alternatively, better fits of the electrical characteristics have been achieved using more complex models based on basic semiconductor and electromagnetic equations. [12] [13] [14] These systems of equations are usually solved in a finite element approach where the carrier and field distributions inside an organic layer are calculated and optimized to fit given boundary conditions. Although such calculations can lead to quite accurate fits of experimental data, they are heavily dependent on parameters such as the intrinsic charge carrier density or the intrinsic electric field that cannot be measured in an independent experiment, and a wide range of values has been published for these parameters.
12,15-17 Furthermore, such complicated systems of equations cannot be easily integrated in circuit design software for accurate modeling of organic devices.
In this paper, we present an equivalent circuit approach to model the electrical characteristics of a basic organic single-layer diode that is implemented in SPICE, a widely used circuit-simulation program. The equivalent circuit model is based on physical principles of an organic diode and will be explained in Sec. II. Then, temperaturedependent experimental electrical characteristics of different single-layer diodes will be fitted with the proposed model to extract material parameters. Finally, the resulting parameters will be compared to the material parameters that are reported in the literature.
II. THEORY AND MODEL
The injection of a charge into an organic semiconductor is generally considered to be based on thermionic emission across the energy barrier that is formed between the work function of the injecting electrode and the HOMO or LUMO of the organic semiconductor depending on whether hole or electron injection, respectively, is considered. The current density J across this energy barrier can be modeled using the general diode equation
͑1͒
where J 0 is the saturation current density, q is the elementary charge, V is the applied voltage, n is the ideality factor, k is the Boltzmann constant, and T is the temperature. For thermionic emission, the saturation current density J 0 is given by the equation a͒ Author to whom correspondence should be addressed. Electronic mail: kippelen@ece.gatech.edu.
where A ‫ء‬ is the Richardson constant and ⌽ B is the injection barrier for charges. 18 Once the charges have been injected, they have to travel across the organic semiconductor to the opposite electrode. It has been shown for organic materials that this drift current is a SCLC and follows the equation
where is the mobility, the dielectric constant, 0 the permittivity of free space, and L the thickness of the sample. 19 Furthermore, based on the framework of the disorder formalism, 20, 21 the mobility in an organic material is given by
where 0,0 is the mobility at zero field and zero temperature, is the width of the energetical disorder distribution, and ␤ is the field-dependence factor of the mobility. Since 0,0 and cannot be determined independently in a measurement where only the applied voltage is varied, a simplified version of Eq. ͑4͒ is used in our model:
with 0 ͑T͒ the temperature-dependent zero-field mobility. Based on these physical observations, an equivalent circuit model for an organic single-layer diode is proposed that consists of a diode for injection into the organic semiconductor, in series with a voltage-dependent resistor representing the SCLC for the bulk conductivity in the device ͑Fig. 1͒. A shunt resistor R p is placed in parallel to these two circuit elements to account for any leakage current through the device.
III. EXPERIMENT
Four different materials were used as the organic layer in a single-layer device geometry ͑see Fig. 2͒ . 4,4Ј-bis͓N-͑1-naphthyl͒-N-phenyl-amino͔biphenyl ͑␣-NPD͒ and N , NЈ-bis͑m-tolyl͒-N , NЈ-diphenyl-1 , 1Ј-biphenyl-4 , 4Ј-diamine ͑TPD͒ are well-known hole-transport materials with a wide bandgap. 22, 23 Whereas ␣-NPD was used in its small molecule form, a TPD-based polymer 24 ͑P1͒ was used for another set of devices to make sure that the proposed model applies not only to small molecule but also to polymers. Other devices incorporated a layer of the electron-transport organic semiconductor C 60 or a layer of the hole-transport material pentacene. These latter two materials were selected because they have a significantly higher mobility 4,25 and a smaller bandgap 2 compared to ␣-NPD and P1. Diodes were fabricated on air plasma treated ITO coated glass substrates with a sheet resistance of 20 ⍀ / ᮀ ͑Colo-rado Concept Coatings, L.L.C.͒. For the organic layer, the small molecules of C 60 and pentacene were purified using gradient zone sublimation. The films consisting of small molecules were then thermally evaporated at a pressure below 1 ϫ 10 −7 Torr on top of ITO. For C 60 diodes, an additional layer of 8 nm bathocuproine ͑2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, BCP͒ was deposited on top of the fullerenes to avoid aluminum diffusion into the C 60 . 26 For the polymer diode, a 90 nm thick film was spin coated from toluene on top of the air plasma treated ITO substrates. The films were crosslinked using a standard broad-band UV light with a 0.7 mW/ cm 2 power density for 1 min. For all diodes, a 200 nm thick aluminum cathode was vacuum deposited on top of the organic layer at a pressure below 1 ϫ 10 −6 Torr and at a rate of 2 Å / s. A shadow mask was used for the evaporation of the metal to form five devices with an area of 0.1 cm 2 per substrate. At no point during device fabrication and testing were the devices exposed to atmospheric conditions. Finally, model parameter values were determined by fitting the experimental data with the equivalent circuit model using the HSPICE optimization tool. 
IV. RESULTS AND DISCUSSION
When testing a model it is important to verify that the experimental electrical characteristics to which the model is applied are highly reproducible. Figure 3 shows the data of five different devices with the ITO/␣-NPD ͑80 nm͒/Al geometry and five different devices with the ITO/␣-NPD ͑150 nm͒/Al geometry. The high reproducibility of these electrical characteristics lead to an error of less than 10% of the fitted values for the ideality factor n and the zero-field mobility 0 . For the saturation current density J 0 and the field dependence of the mobility ␤, the error is higher and can reach Ϯ100% of the fitted value.
In the next step, to test the validity of the SCLC, ␣-NPD diodes with different thicknesses were fabricated and tested. Model parameters were extracted from fits to the experimental data ͑see Fig. 4͒ and are summarized in Table I . The mobility parameters are found to be nearly independent of the thickness, which supports the introduction of the SCLC voltage-dependent series resistor in our model. Likewise, the model was applied to the experimental data of diodes with the ITO/P1 ͑90 nm͒/Al geometry, and good fits were obtained except for the low voltage range ͑Fig. 5͒. In our model, the current in that region is dominated by the parallel resistor R p , even though the experimental data do not show a linear increase. However, since diodes, especially OLEDs, are operated at higher voltages where current injection is more efficient, a certain discrepancy of the equivalent circuit at low voltages does not seem to be very problematic.
From the electrical characteristics of the ␣-NPD diodes and the diodes of P1 at room temperature, the mobility values were determined as 1.2ϫ 10 −4 and 4.5ϫ 10 −6 cm 2 / V s, respectively ͑see Table II͒ . These values are in good agreement with mobility values measured in time-of-flight experiments and SCLC measurements. [27] [28] [29] Furthermore, the temperature dependence of the mobility can be determined from measurements of the organic single-layer diode at different temperatures, as shown in Fig. 6 for a device with the ITO/␣-NPD ͑100 nm͒/Al geometry, where the four parameters J 0 , n, 0 , and ␤ were extracted separately at each temperature. Combining Eqs. ͑4͒ and ͑5͒, the mobility at zero field and zero temperature 0,0 as well as the width of the energetical disorder distribution can be calculated from the intercept and the slope, respectively, of a linear fit when plotting the logarithm of the zero-field mobility 0 versus T 2 . In fact, such plots of our extracted parameters resulted in reasonable fits for the ␣-NPD diodes and the diodes incorporating P1 ͑Fig. 7͒. The widths of the energetical disorder distribution was calculated to be 0.096 and 0.128 eV for diodes incorporating ␣-NPD and P1, respectively. The corresponding zero-field and zero-temperature mobility values were 0,0 = 7.0ϫ 10 −2 cm 2 / V s for ␣-NPD and 0,0 = 3.8 ϫ 10 −1 cm 2 / V s for P1. Despite the good agreement of the proposed model for the previous diodes, some adjustments to the equivalent circuit were necessary to fit the electrical characteristics of diodes based on pentacene and C 60 . Typically, organic semiconductors show Ohmic behavior before SCLC occurs. Combining Eq. ͑3͒ with the equation for Ohmic drift current, TABLE I. Saturation current density J 0 , ideality factor n, parallel resistance R p , zero-field mobility 0 , and mobility field-dependence factor ␤, all extracted from electrical characteristics at room temperature for ␣-NPD diodes with different thicknesses L. 
where e is the elementary charge and n 0 the charge carrier density, a crossover voltage V C from Ohmic to SCLC can be calculated yielding
e L 2 n 0 , ͑7͒
where E g is the bandgap of the material. From Eq. ͑7͒, it can be seen that the crossover voltage between the Ohmic and SCLC regimes is increased when using materials with smaller bandgaps such as pentacene and C 60 . Hence, Ohmic ͑linear͒ drift current can still be observed even at high voltages in diodes based on pentacene or C 60 ͑E g : 1.9 and 1.7 eV, for pentacene and C 60 , 2 respectively͒ compared to ␣-NPD or TPD ͓E g : 3.1 and 3.2 eV for ␣-NPD ͑Ref. 30͒ and TPD, 6 respectively͔. In fact, by replacing the SCLC resistor in our model with a constant resistor R s , good fits to the experimental data of pentacene and C 60 diodes can be achieved ͑see Fig. 8͒ , which has already been shown in equivalent circuits of pentacene/C 60 organic photovoltaic cells. However, no mobility values can be determined from R s since both the charge carrier concentration n 0 and the mobility are unknown in the equation for R s :
TABLE II. Saturation current density J 0 , ideality factor n, parallel resistance R p , zero-field mobility 0 , and mobility field-dependence factor ␤, all extracted from electrical characteristics at room temperature for organic diodes with thickness L. For pentacene and C 60 , the series resistance R s is noted instead of any mobility. The Richardson constant A ‫ء‬ and the injection barrier ⌽ B were extrapolated from measurements at different temperatures. Finally, to calculate the injection barrier and the Richardson constant, current density measurements in single-layer diodes were performed as a function of temperature ͑see Fig. 6 for ␣-NPD and Fig. 9 for pentacene diodes͒. By plotting the logarithm of ͑J 0 / T 2 ͒ versus ͑1 / kT͒, the injection barrier and the Richardson constant can be determined from the slope and the intercept, respectively, in a linear fit of the experimental data as a function of temperature, as shown in Fig.  10 . Calculated values of the fitted parameters are summarized in Table II . Note that data from diodes incorporating P1 did not yield a linear fit. Hence, the values of the Richardson constant and the injection barrier energy could not be extracted. Furthermore, deviations between the model and the data were observed at the lowest temperatures in diodes with C 60 . The origin of these deviations is currently under investigation.
All calculated Richardson constants were in the range of 10 −5 -10 −4 A / cm 2 K 2 , which is in the upper range of experimentally determined Richardson constants in organic materials 6, 31, 32 but below the theoretical value of ϳ10 −2 A / cm 2 K 2 . 33 The fitted injection barrier for the C 60 diodes ͑⌽ B = 0.72 eV͒ seems to suggest that electrons are in fact not injected from the aluminum ͑work function W = 4.2 eV͒ into the C 60 film ͑LUMO: 4.5 eV͒ 2 through defect states in the BCP, as was mentioned in earlier reports. 34 More likely, electrons get injected into the LUMO of BCP since the measured injection barrier corresponds well with the barrier between aluminum and BCP ͑LUMO of BCP: 3.5 eV͒.
2
In the case of the ␣-NPD and the pentacene diodes, both values for the injection barriers that were calculated from the fits in Fig. 9 are higher than the energy barriers that are expected between the work function of plasma treated ITO ͑W = 4.7 eV͒ ͑Ref. 35͒ and the HOMO energies of ␣-NPD ͑5.5 eV͒ ͑Ref. 30͒ and of pentacene ͑4.9 eV͒.
2 However, similar values for the energy barrier have resulted from x-ray photoemission spectroscopy and ultraviolet photoemission spectroscopy ͑UPS͒ measurements, 36, 37 and the increased barrier energies have been attributed to dipoles that form at the interface to ITO, which causes a vacuum level mialignment and therefore an increase in the injection barrier.
V. SUMMARY
In conclusion, an equivalent circuit model for organic diodes is proposed. The model assumes that injection of charges from an electrode into the organic semiconductor is governed by thermionic emission. The drift current across the semiconductor is then described by a voltage-dependent resistor representing SCLC in series with the injecting diode.
Applying this model to the experimental data of two single-layer diodes consisting of ␣-NPD and a TPD-based polymer P1 returned mobilities that are similar to published results. Furthermore, the extracted values are consistent with the disorder formalism of the mobility, which was confirmed by temperature-dependent measurements of the electrical characteristics.
For pentacene and C 60 diodes, the equivalent circuit had to be modified by replacing the voltage-dependent resistor with a constant resistor to represent the Ohmic drift current that can be observed in such diodes due to the small bandgap of the two materials. No information about the mobility values could be gained from this model since the current within the considered voltage range did not reach the SCLC regime in the devices with lower bandgap materials.
Finally, Richardson constants and injection barrier energies could also be extracted from temperature dependence measurements of the electrical characteristics of the diodes. Both parameters were in good agreement with measured parameters in the literature.
Combining these results, it has been shown that the proposed equivalent circuit is a simple but reliable model to simulate organic single-layer diodes. The model is mainly based on parameters that can be extracted from independent experiments, such as mobility or UPS measurements. With the implementation of the equivalent circuit in SPICE, the model can also be readily used in circuit optimizations. However, it has to be noted that the proposed model at this stage does not fit well for high-efficiency OLEDs composed of multiple layers and that further refinements to the current model will be required. 
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